Psychiatric traits related to categorically-defined psychiatric disorders are heritable and present to varying degrees in the general population. In this study, we test the hypothesis that genetic risk factors associated with psychiatric disorders are also associated with continuous variation in milder population traits. We combine a contemporary twin analytic approach with polygenic risk score (PRS) analyses in a large population-based twin sample. Questionnaires assessing traits of autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), learning difficulties, tic disorders (TD), obsessive-compulsive disorder (OCD), anxiety, major depressive disorder (MDD), mania and psychotic experiences were administered to a large, Swedish twin sample. Individuals with clinical psychiatric diagnoses were identified using the Swedish National Patient Register.
Introduction
Psychiatric disorders are highly impairing and strongly associated with genetic factors 1 . They are diagnosed on the basis of an individual meeting a number of specific symptoms that are associated with other clinical features (e.g. duration, distress, impairment, and onset). Individuals not meeting diagnostic criteria for a particular disorder can nonetheless present with behaviors characteristic of that disorder. Indeed, continuously-distributed traits relevant to psychiatric symptoms are present to varying degrees throughout the general population and are often as heritable as the clinical disorder 2 . One hypothesis is that psychiatric disorders share genetic risks with such continuouslydistributed traits in the general population 2 . A few studies using classical twin and more recent molecular genetic methods have lent preliminary support to this hypothesis for several psychiatric phenotypes.
Twin studies have used DeFries-Fulker analysis to estimate group heritability; significant group heritability suggests genetic continuity between milder psychiatric traits and more severe manifestations 3 . Significant group heritability has been reported for extreme traits of autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), learning difficulties, and anxiety 4 . While DeFries-Fulker analysis can test for quantitative similarities in the etiology of mild and severe traits, it does not yield a genetic correlation between them. A more contemporary approach was taken in a UK-based twin study, which reported a genetic correlation of .70 between best-estimate diagnoses of ASD and autistic traits 5 . This approach has not been applied to other psychiatric phenotypes.
Genetic correlation estimates based on genome-wide common variants support a high degree of shared risks across disorders and traits for ADHD and MDD, with a more moderate estimate for ASD 4 . Robust estimates of common variant genetic correlations using available methods 6,7 require 4 very large genome-wide datasets, which are not yet available for many psychiatric phenotypes. An alternative method is to leverage discovery genome-wide association studies (GWAS) of psychiatric disorders for polygenic risk score (PRS) analysis 8 . Preliminary studies have reported associations between psychiatric disorder PRS with related population traits for ASD, ADHD, obsessive-compulsive disorder (OCD), and major depressive disorder (MDD), with null or mixed findings for schizophrenia and bipolar disorder 4 .
Although there is preliminary evidence for shared genetic risks across disorder and traits for some phenotypes, the evidence is either weak, mixed or entirely lacking for many psychiatric phenotypes. Consequently, we aimed to assess the degree to which the genetic factors associated with clinical diagnoses of psychiatric disorders are also associated with continuous variation in traits of the same phenotype, for a range of psychiatric disorders. We used data from a large, population-based twin sample, which has been genotyped and linked with the Swedish National Patient Register 9 . This unique data source allowed us to combine twin modelling with molecular genetic methods in the same sample. Specifically, we first estimated genetic correlations between psychiatric disorders and continuous traits using twin methods. We then tested whether PRS for psychiatric disorders derived from recent GWAS are associated with continuous variation in related population traits.
Method Participants
Families of all twins born in Sweden since 1992 are contacted in connection with the twins ' 9 th birthday (the first three years of the study also included 12 year olds), and invited to participate in the ongoing Child and Adolescent Twin Study in Sweden (CATSS) 10 . The response rate at first contact is 75%. Families are then followed up when the twins are aged 15 (61% response rate) and 18 (59% response rate). Exclusion criteria for the current study were brain injuries (N=207 pairs), chromosomal syndromes (N=35 pairs), death (N=29 pairs), and migration (N=100 pairs).
Phenotypic data were available for 13,923 pairs at age 9 or 12, 5,165 pairs at age 15, and 4,273 pairs at age 18. Zygosity was ascertained using a panel of 48 single nucleotide polymorphisms (SNPs) or an algorithm of five questions concerning twin similarity. Only twins with a 95% probability of correct classification have been assigned zygosity using the latter method. Zygosity was reconfirmed for pairs with genotype data available. This study has ethical approval from the Karolinska Institutet Ethical Review Board.
DNA samples (from saliva) were obtained from the CATSS participants at study enrollment.
N=11,551 individuals with available DNA were genotyped using the Illumina PsychChip. Standard quality control (QC) and imputation procedures were performed in the sample; for details see Brikell et al. 11 . N=11,081 samples passed QC; MZ twins were then imputed resulting in N=13,576 samples and N=6,981,993 imputed SNPs passing all QC. After individual-level exclusions (described above), N=13,412 children were included in genetic analyses.
Phenotypic measures

Clinical Diagnoses
CATSS has been linked with the Swedish National Patient Register (NPR) 9 . The NPR contains records of specialist in-patient and out-patient care in Sweden, and includes ICD- Table 1 . 6 
Continuous Measures
Traits of ASD, ADHD, ID, TD, OCD, ANX and MDD were measured using continuous scales at ages 9/12 years. Internalizing problems (related to ANX and MDD) were then measured at age 15. Traits of OCD, ANX, MDD, mania, and psychotic-like experiences were assessed when the twins were followed up at age 18. Details of these measures, along with sample sizes, are provided in Table 1 . N.B. Diagnoses of bipolar disorder and schizophrenia were not included due to small numbers of participants with these diagnoses. There were too few items to divide the SDQ Emotion subscale into anxiety and depression separately.
Analyses
Twin Analyses
We used joint categorical-continuous trait twin models to assess the degree of etiological overlap between continuous traits and categorical diagnoses. For each phenotype, the model estimates the degree of variation attributable to additive genetic (A), non-additive genetic (D), shared environmental (C), and non-shared environmental influences (E; with the non-shared environmental component encompassing measurement error). It then estimates the correlations between these components across the two modeled phenotypes. The phenotypic correlation is then decomposed into genetic and environmental influences, thus assessing which etiological factors lead to continuous traits being correlated with categorical psychiatric disorders. Based on twin correlations, we tested either ACE or ADE models for each disorder-trait pairing. Where an ADE model was tested, we also modeled sibling interaction effects (termed 's'), since these effects can mimic the effects of D on the twin correlations 22 . The general principles of the twin design are described at length elsewhere 23 .
ACE or ADE-s models were fitted based on the twin correlations, and compared with a baseline saturated model of the observed data. Where twin correlations were inconsistent (i.e. the pattern of correlations differed between the continuous trait and the categorical diagnosis), both ACE and ADE-s models were fitted and the best-fitting model was selected on the basis of the lowest Bayesian Information Criteria (BIC) value. In order to test more parsimonious explanations of the data, each model was reduced by constraining certain components to equal zero. These nested models were compared to the full ACE or ADE-s model using the likelihood-ratio test; if no significant deterioration of model fit was observed, then the reduced model was favored. All continuous scales were standardized by sex, while the effects of sex on the thresholds were included in the models. All models were fitted in OpenMx 24 . We included opposite-sex twins but did not test for quantitative sex differences due to insufficient power, and assumed no qualitative sex differences. OCD was omitted from the twin analyses due to the small sample and low heritability.
Polygenic risk score analyses
Publicly available GWAS summary statistics for 8 psychiatric disorders (i.e. ASD, ADHD, TD, OCD, ANX, MDD, bipolar disorder (BD) and schizophrenia) and 3 continuously distributed psychiatric or cognitive traits (i.e. ADHD symptoms, cognitive ability and depressive symptoms) were used to derive PRS in the CATSS individuals [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Table S1 lists each of these discovery datasets along with Analyses of PRS in relation to outcomes were performed using generalized estimating equations (GEE) implemented in the R package 'drgee', with robust standard errors, based on clustering related individuals according to family IDs. Principal components, sex and age (for measures that were assessed at age 9 or 12 years) were included as covariates. First, we tested for association between PRS for each of the eight discovery GWAS of psychiatric disorders and the corresponding continuously distributed population trait(s). Second, these analyses were repeated after excluding individuals diagnosed with the relevant psychiatric disorder, based on available information on ICD diagnoses. This was done to determine whether effects were driven primarily by individuals with
clinically-recognized problems. Third, we tested for associations between PRS for each of the three discovery GWAS of continuously-distributed population traits and presence of the corresponding psychiatric diagnosis in the target sample. Finally, all PRS analyses were repeated using PRS derived based on different p-value selection thresholds, to assess sensitivity. False discovery rate (FDR) corrections were applied in R (using the "fdr" method, in the function "p.adjust") to account for multiple testing.
Supplemental Analyses
Since there is some evidence of genetic specificity within ASD and ADHD trait domains 35, 36 , we also re-ran all twin and PRS analyses for three specific DSM-IV ASD dimensions (social problems, language impairment, and behavioral inflexibility) and two DSM-IV ADHD dimensions (hyperactivity/impulsivity and inattention). These domains were assessed by dividing the A-TAC ASD and ADHD subscales, based on prior publications 10 .
Results
Twin Analyses
The probandwise concordances for each ICD diagnosis, which represent the probability of the cotwin of a proband also receiving a given diagnosis, are presented in Table S2 . The MZ probandwise concordances exceeded the DZ probandwise concordances, indicating genetic influences on each diagnosis. The phenotypic and twin correlations are shown in Table 2 . Phenotypic correlations between disorders and related traits ranged from modest (.22 for MDD) to strong (.66 for ID). MZ twin correlations were higher than DZ correlations within each disorder and trait, and across disorder-trait phenotype pairs, indicating that each clinical diagnosis and continuous trait, as well as the covariance between them, was influenced by genetic factors.
The joint categorical-continuous twin model fit statistics are shown in Table S3 . Where ADE-s models were fitted, the D component could be dropped. For traits with ACE models, shared environment was non-significant for all traits, except for anxiety at age 9/12, where C played a modest role.
Parameter estimates from the best-fitting model for each phenotype are shown in Table S4 
PRS analyses
PRS for clinically-defined psychiatric disorders were associated with related quantitative traits, for the following phenotypes: ASD, ADHD, TD, OCD, ANX, MDD and schizophrenia (Table 3) . No association was seen for BD. OCD PRS were associated with obsessive-compulsive symptoms at age 18 but not at age 9/12. PRS for ANX were associated with anxiety traits across different time points (ages 9-18 years), with the exception of self-rated internalizing traits at age 15 and parentrated symptoms at age 18. MDD PRS were associated with depressive symptoms at ages 15 and 18
but not at age 9. After removing individuals diagnosed with the relevant psychiatric disorder based on NPR diagnoses, the results remained significant for ASD, ADHD, TD, OCD, anxiety and MDD though the effect size decreased and was no longer significant for anxiety at age 18 (Table 3 ).
In the analysis of PRS for quantitative traits in relation to psychiatric diagnoses (Table 4) , PRS for depressive symptoms were associated with MDD diagnosis; PRS for traits of ADHD and general cognitive ability were not associated with related diagnoses (ADHD and ID, respectively).
Secondary analyses for ASD and ADHD PRS in relation to traits of specific domains are shown in Table S7 . The results of analyses of these sub-domains were consistent with the analyses of total ASD and ADHD trait scores, except that for ASD, only the estimate for the domain of flexibility remained significant after the exclusion of individuals with ASD diagnoses.
All main analyses were repeated using PRS derived based on different p-value thresholds for SNP inclusion ( Figure S1 ). The pattern of results was reasonably consistent in these sensitivity analyses, albeit due to the additional tests performed, several results (e.g. for anxiety at ages 9 and 18) were not statistically significant after FDR correction. 
Discussion
In this paper, we leveraged data from a large twin sample with information on psychiatric diagnoses Our study extends the existing literature by directly estimating the genetic correlation between psychiatric disorders and continuous traits based on twin data, while also assessing the association of genetic risk across disorders and traits using PRS analysis in the same sample. It is becoming increasingly clear that considering psychiatric disorders as dichotomous may not be the optimal approach for all research studies of these phenotypes. In terms of molecular genetic research, these results support the need for novel methods that jointly analyze psychiatric disorders and continuously measured psychiatric traits in order to improve statistical power and yield insights into the biology of these phenotypes. Indeed, the value of such an approach was recently demonstrated in an ADHD GWAS, which yielded additional genome-wide significant loci when meta-analyzing case-control and trait GWAS data 26 . Genetic studies of continuous traits in community-based samples may also have the added benefit of being more representative than clinical samples, while also generating results that could be generalized to clinical populations.
It is important to note that the genetic correlations in the twin analyses were estimated to be less than 1, and associations between PRS and traits had modest effect sizes. These results could be related to the relatively young age of the sample. For example, the genetic correlation between MDD and depressive traits was .33 at ages 9 and 12, but increased to .58 at age 18. Another possible interpretation of these results is that a proportion of genetic influences on any given psychiatric disorder is unique and not shared with milder related population traits. This may be especially true for rare genetic variants which are likely to have a more deleterious phenotypic impact; however, several studies have demonstrated some degree of genetic overlap from rare variants across disorders and continuous measures of ASD 37 and ID 38 . Future work identifying genetic risk variants that are not shared between psychiatric traits and more severe clinical manifestations may help elucidate why some individuals present only with mild traits, while others go on to develop clinically severe problems. Related to this point, it is important to stress that this study did not examine several important clinical features associated with psychiatric disorders, such as symptom duration, timing, persistence, impairment, or distress. Therefore, the results of this study do not imply that mild psychiatric traits are necessarily harmful.
Our results should be interpreted in light of several strengths as well as a number of caveats. It is a major strength that we were able to perform both twin and molecular genetic analyses in a single cohort, owing to our unique sample of twins with both diagnostic and genetic data. This unique data source also allowed for the exclusion of individuals diagnosed with psychiatric disorders from the PRS analyses, to allow for a more robust test ruling out the possibility that observed effects were only driven by individuals with clinically-recognized problems. This sample has been assessed at multiple ages, using both parental-and self-reports, leading to a wealth of information on psychiatric phenotypes. Nonetheless, the sample is still rather young. While many disorders have typically developed during childhood and by emerging adulthood, other disorders are more common at later ages. We therefore could not perform twin analyses of the associations between schizophrenia or BD and related traits, or exclude individuals with these diagnoses from the PRS analyses, since very few of our participants had passed through the risk age for these disorders.
Similarly, analyses of individuals diagnosed with MDD may have missed individuals who will go on to be diagnosed with MDD in the future. It is also important to note that the National Patient
Register covers only specialist care, and so individuals with psychiatric disorders who were treated only in primary care settings were likely missed.
Furthermore, we did not have the statistical power to divide our clinical cases by severity or diagnostic subtype. Thus, we cannot conclude that all levels of disorder severity share genetic risks with milder traits. This will be an important focus in future research, since there is some evidence that very severe ID is genetically independent from cognitive abilities and milder ID 39 . Also, all the continuous measures used in this study were designed to assess potentially problematic behaviors.
As such, we cannot extrapolate our results to the very low positive end of each trait distribution.
Studies employing measures that are sensitive to the positive, low end of the distribution are needed 40, 41 .
Specific limitations of the genetic analyses include the modest sample sizes and associated low power of several of the discovery GWAS analyses used to derive PRS; for certain phenotypes, the limited sample size may have led to less robust results (in particular for ANX and BD). Also, the estimates of variance explained by the PRS were modest; although these results indicate the presence of associations between genetic risk for disorders and traits, the degree to which common genetic risks are shared is unclear. Future studies utilizing larger GWAS datasets will be needed to estimate genetic correlations from molecular genetic data.
To conclude, our results from two different analytic approaches largely converge to suggest that the genetic factors that predispose to psychiatric disorders are also associated with continuous variation in milder, characteristic traits of these disorders. This provides genetic support for the hypothesis that many psychiatric disorders can be considered as extreme manifestations of continuous traits in the general population.
